The aim of this work was to study an application of a previously developed expedient acid-free technique for the preparation of glycyrrhetinic acid from ammonium glycyrrhizinate that requires no use of acids and toxic organic solvents. Subcritical water that serves as a reactant and a solvent was used in order to obtain glycyrrhetinic acid in good yields starting from ammonium glycyrrhizinate. It has been shown that variation of only one parameter of the process (temperature) allows alteration to thecomposition of the hydrolysis products. A new method was used for the synthesis of glycyrrhetinic acid (glycyrrhizic acid aglycone) and its monoglycoside. HPLC combined with mass spectrometry and NMR spectroscopy were used to determine the quantitative and qualitative compositions of the obtained products. The method developed for the production of glycyrrhetinic acid in subcritical water is environmentally friendly and faster than conventional hydrolysis methods that use acids and expensive and toxic organic solvents. The proposed technique has a potential for the future development of inexpensive and environmentally friendly technologies for production of new pharmaceutical plant-based substances.
Licorice (Glycyrrhizaglabra) is a well-known medicinal herb that grows in various parts of the world, and is one of the oldest and widely used herbs, known both in western and eastern countries for several thousand years [1, 2] . One of the major pharmacological ingredients of licorice is glycyrrhizic acid, a pentacyclic triterpenoid from the β-amyrin series (1) . Triterpenoids are structurally related to the steroid hormones and widely studied by synthetic chemists and pharmacologists [3, 4] . Glycyrrhizic acid and its derivatives have a wide range of pharmacological activities such as anti-viral, anti-inflammatory, anti-oxidant, anti-ulcer, anti-cancer, and anti-HIV [5] [6] [7] . The aglycon of glycyrrhizin, glycyrrhetinic acid, is widely used in the market {(Enoxolone (INN, BAN)}. In this regard, there is considerable interest in the development of diverse techniques for the production of glycyrrhetinic acid from the natural plant or from glycyrrhizinic acid and its derivatives. Glycyrrhetinic acid (GLA) is conventionally synthesized by the hydrolysis of an extract of either glycyrrhizinic acid (GA) [8] or its salts in the presence of mineral acids. It was shown that the composition of the by-products also depends on the solvent used [9] . For, example, from the products of the hydrolysis of GAcatalyzed by 1 N H 2 SO 4 in aqueous methanol solutions, methyl esters of 18β-glycyrrhetinic acid and 3-dehydro-18β-glycyrrhetinic acid were isolated using preparative TLC. The hydrolysis of GA with 6%HCl led to hydrolysis products that contained five compounds. As a result of the acid hydrolysis of 18β-GA, small amounts of 18α-glycyrrhetinic acid, likuretic acid, 11-desoxo-18β-glycyrrhetinic acid, and 18, 19dehydroglycyrrhetinic acid [8, 9] were obtained in addition to 18β-GLA (3). Because the acid hydrolysis of β-GA and its salt could lead to chemical conversion of the aglycon (into 18α-glycyrrhetinic acid) and cleavage of the disaccharide fragment of the molecule, preparation of GLA using enzymatic hydrolysis of GA was suggested. The enzymatic methods that were developed in recent years for the hydrolysis of GA (1) require mild conditions and lead to an intermediate prosapogenin (2) -18β-glycyrrhetyl mono-glucuronide [10] .
It should be noted that conventional acid hydrolysis of GA requires 4-16 h, and the enzymatic hydrolysis 144 h. Thus, conventional methods of hydrolysis require significant time costs. Along with this, purification is needed of the hydrolysis products. The alternative to the conventional methods of using acids to catalyze hydrolysis is to perform the reaction in subcriticalwater [11] [12] [13] . In recent years, subcritical water has been used as a cheap, environmentally friendly solvent for extraction [14, 15] , synthetic transformations [16] and the recycling of different organic wastes as, for example, agricultural production processing wastes [15] .The hydrothermal reaction has been attracting much attention because of the fascinating physical and chemical characteristics of water near its critical point. In these conditions water exhibits a much lower dielectric constant and a much larger ion product. The ion product or dissociation constant is about 3 orders of magnitude higher near the critical point (in the temperature range from 220-270°C) than it is for ambient liquid water. Under these conditions, there is a high H 3 O + and OH − ion concentration. As such, some acid-catalyzed organic reactions can be carried out without addition of acids. However, the ion product decreases greatly above the critical point. This fact makes sub-critical water an ideal reaction medium for the hydrolysis of organic compounds. In the present study, it is for the first time proposed to perform hydrolysis of the ammonium glycyrrhizinate in a medium of subcritical water for the production of glycyrrhetinic acid.
The aim of this work was to study the suggested acid-free technique for the preparation of glycyrrhetinic acid in the absence of acid and without toxic organic solvents. Subcritical water acting as a reactant and a solvent was used in order to obtain glycyrrhetinic acid in good yields starting from ammonium glycyrrhizinate. This approach opens up prospects for using subcritical water as a medium for preparing inexpensive medications based on GLA by using an ecologically clean and relatively low-cost procedure. In contrast to the traditional methods for hydrolysis of GA, the given approach avoids the use of expensive and sometimes toxic organic solvents, but uses water as the medium at moderate temperatures and pressures. This approach is, thus, promising for creating ecologically clean and inexpensive processes for the production of a wide range pharmaceutical substances and food additives enriched with glycyrrhetinic acid derivatives. In accordance with the tasks of this work, the hydrolysis products of ammonium glycyrrhizinate were obtained using different hydrolysis schemes in order to analyze the quantitative and qualitative compositions of the targeted products of hydrolysis.
The hydrolysis products of ammonium glycyrrhizinate were obtained using different hydrolysis schemes in order to analyze quantitatively and qualitatively the compositions of the targeted products of hydrolysis. Our previous studies [15, 16] showed that the transformations of biologically active compounds in subcritical water were most complete in the temperatures range of 100 -300°C. Therefore, here we studied in detail the temperature dependence of the yield of hydrolysis products in this temperature range and the composition of the products obtained. From ESI-MS data the major substance of the hydrolysis at 160°C was identified as 3-monoglucuronyl-glycyrrhetinic acid (mono-GLA). The mono-GLA corresponds to a peak with a retention time of 13.33 min.
The effect of the temperature of the subcritical water on the yield of GLA was studied in the range of 100 to 300°С. The yield of GLA in the dry hydrolysate obtained by subcritical water at different temperatures is represented in Figure 1 . By increasing the temperature of subcritical water from 110 to 190°С, the amount of GLA in the hydrolysate was increased from 2% to 80%. Further increase in temperature led to a decrease in the amount of GLA. Analysis of the data obtained showed that at 190°C, the yield of GLA was the highest, but still lower than the theoretical yield (if the stoichiometry of hydrolysis is taken into account in this case). At a temperature of 190°C glycyrrhizinic acid was not found byHPLC in either the precipitate or solution; hence, hydrolysis had occurred completely. Variation of only one parameter of the process (temperature) altered the composition of the hydrolysis products. For example, at 160 o C, the major substance (2) of the hydrolysis composition is mono-GLA, whereas at 190°C, the major substance of the composition (3) is the targeted products of hydrolysis -GLA.
The product of hydrolysis in subcritical water at 190°C, corresponding to the peak with a retention time of 19.61 min, has been identified as 18β-glycyrrhetinic acid on the basis of HPLC,NMR andIR spectral, andMS data. It was noted earlier that as a result of the hydrolysis of glycyrrham α-GLA can be obtained as a by-product. Respectively, the hydrolysis products of glycyram in subcritical water may have both α -or βconfiguration. It is known that α -GLA may possess biological activity differing from that of its conformer. The chemical shifts of the characteristic carbon atoms (C 12 , C 13 , C 18 , and C 28 ) are determined by the conformation at C 18 . To determine the configuration of GLA obtained in subcritical water, the 13 С NMR spectra were reported. NMR data proved that GLA, obtained in subcritical water, had β-configuration at the C 18 atom. The chemical shifts of the characteristic carbon atoms (C 12 , C 13 , C 18 , and C 28 ) of the reference β-GLA sample and the GLA sample, obtained in subcritical water, coincided with one another and with the data of [17] .
The results of the efficiencies of the different schemes for hydrolysis of ammonium glycyrrhizinat are givenin Table 1 . The data show that the GLA content in the product obtained in the medium of subcritical water is comparable with its yield obtained by the traditional method. However, the process is three times faster. Moreover, this method does not require use of expensive and toxic organic solvents.
Thus an ecologically clean procedure was developed for the preparation of glycyrrhetinic acid by hydrolysis of glycyrrhizic acid monoammonium salt in subcritical water. The yield of GLA as a result of hydrolysis in subcritical water without a catalyst was comparable with that obtained by the conventional procedure, while the reaction time was three fold shorter. using standard pulse sequences. The NMR spectra were obtained in C 5 D 5 N; chemical shifts are given in δ (ppm), and coupling constants are reported in Hz.
Experimental

Chemicals and instrumentation methods:
Conventional hydrolysis of glycyrrham (1) with hydrochloric acid:
A sample of 5.00 g of glycyrrham (content of glycyrrhizic acid 97.2%) was dissolved in 41.3 mL of hot distilled water (temperature 80-90°C) and 8.7 mL of concentrated hydrochloric acid (density 1.179) were added. Hydrolysis was carried out for 3 h at 100°C. At the end of the hydrolysis, the precipitate was filtered through paper and washed with distilled water to a neutral pH. The washed precipitate of glycyrrhetinic acid was dried at 80°C for 2-3h; the weight of the precipitate was 2.84 g.
Hydrolysis of GA (1) with subcritical water:
The hydrolysis procedure in subcritical water was performed using a self-made reactor (autoclave). The reactor has an inner volume of 10 mL. The original substance (1) (GA) (0.041 g) was put into the self-made stainless steel reactor to which was added 7 mL of distilled water. The reactor was hermetically closed and put into a drying oven,
where it was kept at a certain temperature (accuracy ±1°C) for 1 h. After that, the reactor was cooled to room temperature (15 min) in a tank filled with cold water. The reaction material was washed with water and quantitatively transferred to a paper filter. Glycyrrhetinic acid from the paper filter was dissolved in ethanol and dried. An aliquot was dissolved to a concentration required for HPLC/MS analysis. The product was identified as 18β-glycyrrhetinic acid (3) on the basis of HPLC, NMR and IR spectroscopic, and mass spectral data.
Supplementary data: Supplementary data for the experimental conditions for the hydrolysis of GLA by different schemes, and copies of HPLC chromatograms, ESI-MS, and NMR spectra associated with this article can be found in the online version.
